• Background and Aims Flower colour plays a major role in the attraction and decision-making of pollinators. Different functional groups of pollinators tend to prefer different flower colours, and therefor may lead to different flower colour compositions among different communities depending on the visual system of the dominant pollinators. However, few studies have investigated the linkage between pollinator fauna and flower colour composition in natural communities, a theme we explored in the present study.
INTRODUCTION
The diversity of floral cues is considered a key factor in the initiation and maintenance of plant diversity (Armbruster and Muchhala, 2009; van der Niet and Johnson, 2012) . Pollinators often forage non-randomly among plant species using floral cues such as colour, shape and scent (Schiestl and Johnson, 2013) . Non-random flower choices by pollinators reduce reproductive interference among plant species and promote conspecific pollination, which in turn eases the coexistence of plant species (Waser, 1978; Pauw, 2013) . Therefore, the diversity of floral cues, combined with an assemblage of cognitive capacities of the pollinator fauna, could be an important determinant of plant community structure.
Among the variety of floral cues, colour plays a major role in the attraction and decision-making of diurnal pollinators (Schiestl and Johnson, 2013) . Different functional groups of pollinators tend to prefer flowers of different colours, as often described in the context of pollination syndromes (Fenster et al., 2004; Rosas-Guerrero et al., 2014; Reverté et al., 2016) . In a situation where multiple plant species compete for pollinator services, flower colours that are readily distinguished from the colour of competing flower species promote flower constancy, i.e. the tendency of individual pollinators to exclusively visit conspecific flowers in succession (Waser, 1986) . Such responses to flower colours by pollinators may lead to different flower colour compositions among different communities, depending on the visual system of the dominant pollinators, and may also result in a community assembly of plant species displaying mutually different flower colours from the perspective of the pollinators' vision (Gumbert et al., 1999; McEwen and Vamosi, 2010; Makino and Yokoyama, 2015) .
To date, several studies have explored the potential role of pollinator vision in the composition of flower colours in plant communities. One of the general conclusions of these studies is that the majority of animal-pollinated flowers have inflection points near the 400 and 500 nm wavelengths, at which point the spectral reflectance changes rapidly (Chittka and Menzel, 1992; Dyer et al., 2012; Shrestha et al., 2013 Shrestha et al., , 2014 . These are the wavelengths at which hymenopteran trichromats can best discriminate spectral differences (von Helversen, 1972; Chittka and Menzel, 1992) . In addition, Shrestha et al. (2013) showed that bird-pollinated flowers, a minority flower group compared with the insect-pollinated flower group, frequently have an inflection point near 600 nm, which is close to one of the hue discrimination optima for birds that have a violet-sensitive visual system (Emmerton and Delius, 1980) . Bees are generally the most common pollinators worldwide (Buchmann and Nabhan, 1996) . Accordingly, these previous studies (Chittka and Menzel, 1992; Dyer et al., 2012; Shrestha et al., 2013 Shrestha et al., , 2014 have suggested that the vision of pollinators, especially of hymenopterans, has been a major driving force in the evolution of flower colouration. However, these studies did not investigate flower colouration in natural communities (Chittka and Menzel, 1992; Dyer et al., 2012; Shrestha et al., 2013) , or did not show the composition of pollinator fauna of the community (Dyer et al., 2012; Shrestha et al., 2013 Shrestha et al., , 2014 . To test whether the visual capacity of the pollinator fauna has shaped the community assemblage of flower colours, floral colour compositions need to be compared between natural communities, while considering the difference in pollinator fauna between communities and the types of pollinators for each plant species.
Recently, Shrestha et al. (2016) measured the flower spectral reflectance of eight plant species, sampled from a botanical garden, that are native to Macquarie Island, which is a very isolated island in the Southern Ocean with a predominately dipteran pollinator fauna. They found that the species showed a distinct flower colour distribution compared with continental source pools and suggested that dipteran pollination might have imposed a strong ecological filter on Macquarie Island. However, generalities based on these results must be drawn with caution because the flower colour of seven of the eight species appeared greenish (human perspective). Greenish flower colour often indicates photosynthetic ability (Aschan and Pfanz, 2003) , and therefore the reported flower colouration may not be the result of adaptation to the visual system of the pollinators.
In this study, we compared the flower spectral reflectance of 106 Japanese and 96 New Zealand alpine plants while also examining the composition of the pollinator fauna in the communities and the types of pollinators for each plant. In Japanese alpine regions, dipterans and hymenopterans, in particular Bombus spp. (bumble bees), are the major flower visitors (Kudo, 2016) . On the other hand, New Zealand lacks native social bees, and its alpine plants are mainly visited by dipterans and, to a lesser extent, solitary bees (Primack, 1983) . The majority of New Zealand's alpine plants have small white flowers (Newstrom and Robertson, 2005) , with ~77 % appearing white to humans; yellow is the second most frequent colour (Wardle, 1978) . Nevertheless, Bischoff et al. (2013) suggested that New Zealand alpine plants have chromatic signals that match the colour discrimination ability of hymenopteran trichromats. Their arguments are based on the flower reflectance data of a relatively small number of plant species (23 species) that produce relatively large flowers. Therefore, these results need to be reassessed with an exhaustive sampling of plant species from natural communities. Based on the results from Japanese and New Zealand alpine plant communities and those of previous studies conducted in other geographical regions, we discuss how the composition of the pollinator fauna has shaped floral colour composition in plant communities.
MATERIALS AND METHODS

Study site
The study was conducted at three sites in New Zealand (NZ) and at one Japanese (JP) site. The NZ sites were established on the South Island at the Remarkables Mountain Range (45°03′01″-03′44″ S, 168°48′30″-49′44″ E, 1600-1940 m a.s.l.), the Oldman Range (45°20′30″-21′18″ S, 169°12′28″-13′14″ E, 1500-1630 m a.s.l) and Mount Hutt (43°29′36″-29′48″ S, 171°31′46″-32′13″ E, 1580-1740 m a.s.l). The JP site was established at the Tateyama Mountain Range on Honshu Island (36°34′05″-34′56″ N, 137°35′45″-36′47″ E, 2400-2850 m a.s.l). We examined three sites in NZ because the number of animal-pollinated angiosperm species found in each of the NZ sites (40-58) was smaller than that in the JP site (106) (Supplementary Data File S1). All study sites were located above the tree line and consisted of alpine vegetation. The study was conducted during December 2012 to February 2014 at the NZ sites and during June 2012 to September 2014 at the JP site. Given the short flowering seasons in alpine zones, our study covered the early to late flowering seasons.
Spectral measurements
During the study periods, we repeatedly patrolled the study sites and collected flowers for all animal-pollinated angiosperm species that were blooming. We measured the spectral reflectance of the flowers using a charge-coupled-device spectrometer (BRC112, B&W Tek, Newark, DE, USA) and Y-shaped fibre-optic cable (FRP-400-0.22-1.5-UV, B&W Tek) relative to a white standard (SRR, B&W Tek) under a deuterium-tungsten light source (BDS130, B&W Tek), at 1-nm wavelength intervals from 300 to 700 nm. The probe was placed in a small black box, which excluded external light, at a constant 45° angle relative to the surface of the object according to the instructions described in Chittka and Kevan (2005) . When a flower had multiple colours, we targeted its most showy part: the banner petal for a legume flower, the ray florets for a daisy capitulum composed of disc and ray florets and the outer region for an actinomorphic flower. When individual flowers were too small to obtain a reading, multiple flowers were used. Three replicates from different individuals were measured for each plant species, with a few exceptions, and the mean value for each species was used. In NZ, we did not resample flowers if the same species had already been sampled in other sites simply to avoid pseudoreplication within the geographical region. We recognized that there were little intraspecific variation in flower colour across the sites, at least to human eyes. In total, we measured flower spectral reflectance of 106 native JP species from 83 genera in 39 families and 96 native NZ species from 40 genera in 25 families (The Plant List, 2013) . For the complete species list, see Supplementary Data File S1. To eliminate small-scale noise in the reflectance measurements, we smoothed the spectrum using a kernel regression method with a bandwidth of 20 nm using the stats package in the statistical software R v3.1.2 (R Core Team, 2014) . Flower reflectance data after smoothing are presented in Supplementary Data File S2.
Pollinator observations
To categorize plant species by their pollinators, we recorded flower visitors to each plant species by patrolling the sites repeatedly. The recordings were conducted at all study sites throughout the study season, except at Mount Hutt. Flower visitors were classified into several functional groups, based on taxonomy and morphology; order level classification was used in this study (pollinator observation data are presented in Supplementary Data File S1). We regarded flower visitors as potential pollinators if they frequently flew among flowers and touched the reproductive organs (stigma or anther) of the flower. At our JP site a substantial number of pollen grains had been confirmed on the body surface of these visitors, including bumble bees, syrphid flies and non-syrphid flies (Nikkeshi, 2016) , suggesting they would be the effective pollinators. We did not consider rove beetles (Staphylinidae, Coleoptera) and weevils (Curculionoidea, Coleoptera) as pollinators because they seldom moved between flowers and instead remained on a single flower to forage on pollen grains (and occasionally on the perianth or an ovary). Data obtained from the Remarkables Mountain Range and Oldman Range sites were pooled before analysis because pollinator composition showed little overall variation between the sites.
We categorized each plant species as a dipteran-pollinated plant (Dip), a hymenopteran-pollinated plant (Hym) or a pollinator-unknown plant (Unknown). We defined Dip and Hym as the plant species in which dipteran and hymenopteran pollinators, respectively, accounted for >50 % of pollinator visits, and were assigned only to the plant species that received ≥15 pollinator visits during our observations. We did not to use a three-tiered grouping scheme in which the middle category is a dipteran/hymenopteran mixed pollination system because the visitor assemblage to a given plant species tended to be dominated by either dipterans or hymenopterans, with a few species showing a truly mixed assemblage (i.e. near 50:50 visitation) (Supplementary Data Fig. S1 ). The third category (Unknown) was assigned to the plant species that received <15 pollinator visits.
Phylogenetic tree
To conduct phylogenetically informed analyses, we constructed a phylogenetic tree for our plant species. We obtained a backbone tree for the families from Bell et al. (2010) , in which phylogeny and node ages were estimated under a relaxed molecular clock. Then, we grafted subfamilial and infrageneric topology for the species onto this backbone based on information from an angiosperm phylogeny website (Stevens, 2001 ). Undated internal nodes in the terminal clades were evenly spaced between the nearest dated basal nodes and leaves. The resulting phylogenetic tree is shown in Supplementary Data Fig. S2 and is available in a Newick format in Supplementary Data File S3.
Analysis
Evaluation of floral colour. We translated the floral reflectance spectrum into a locus for the two-dimensional representations of bee and fly colour vision (results are presented in Supplementary Data File S1).
For the bee visual system, we used the bee colour hexagon model (Chittka, 1992) , a chromaticity diagram based on excitation of the three types of hymenopteran photoreceptor (green, blue and UV). Mathematical details of the model are described by Chittka (1992) and Chittka and Kevan (2005) . Loci in the colour hexagon can be represented as polar or Cartesian coordinates. In a polar coordinate, the angle from the hexagon centre corresponds to the hue, and the distance from the centre corresponds to the saturation in relation to the background [assumed to be green foliage (Chittka and Kevan, 2005) ]. Chittka et al. (1994) divided the hexagon into six equally spaced sections based on the angle from the hexagon centre. Thus, we classified flower colours into six categories: bee-blue (b), bee-bluegreen (bg), bee-green (g), bee-UV-green (Ug), bee-UV (U) and bee-UV-blue (Ub). To test how plant groups in the different geographical regions and pollinator types yield different hue distributions in relation to bee colour preference, we applied phylogenetic logistic regression models (Phy-LRMs) (Ives and Garland, 2010) , considering phylogenetic non-independence. Here, each flower colour was considered a dichotomous responsible variable, for which a value of 1 was assigned to either bee-blue or bee-UV-blue and 0 to the others, because several studies have demonstrated bees prefer blue (bee-blue) and violet (bee-UV-blue) flowers (Giurfa et al., 1995; Chittka et al. 2001) . The Phy-LRMs were calculated using the phylolm package in R v3.1.2 (R Core Team, 2014) .
In a Cartesian coordinate system, the Euclidian distance between two loci corresponds to the difference in perceived colour (Chittka, 1992; Dyer, 2006; Dyer et al., 2008) . For example, Dyer (2006) showed that colour distances of <0.04 hexagon units are not reliably discriminated by bumble bees, distances between 0.04 and 0.11 hexagon units are only discriminated if they receive differential conditioning (i.e. learning a target colour in relation to a perceptually similar colour), and distances of >0.11 hexagon units are reliably discriminated even with absolute conditioning (i.e. learning a target colour in isolation). To evaluate whether the flower colours of two arbitrary plant species that share pollinators could be discriminated by bees, we calculated the Euclidian distance in the colour hexagon between all pairwise combinations of the flower species within the plant groups.
For the fly visual system, we used the model proposed by Troje (1993) , which predicts wavelength discriminability of Lucilia sp. (blowflies). The mathematical details of the model were described by Makino and Yokoyama (2015) and Ohashi et al. (2015) . In this model, the chromatic representation is based on the relative excitations of the two p-type and two y-type receptors. The colour perceived by flies is determined by which receptor in each pair shows the greater excitation. Thus, flower colour was classified as one of the four categories, fly-UV (p+/y+), fly-blue (p-/y+), fly-yellow (p−/y−) and fly-purple (p+/y−), with all stimuli within one category being chromatically indistinguishable to the fly (Troje, 1993) . Many flowervisiting flies have been most frequently observed on white and yellow flowers (Lunau, 2014) , which correspond to either flyyellow or fly-purple flowers (i.e. y− flowers) in the fly vision model. Distributions in the fly visual categories between plant groups were thus compared using the Phy-LRMs in which each of the flower species was considered a dichotomous responsible variable where 1 was assigned to y− flowers and 0 to the others.
To evaluate the spectral properties independent of a particular visual system, we further analysed the reflectance values using principal components analysis (PCA) as described by Arnold et al. (2009) and McEwen and Vamosi (2010) . The row reflectance values from 300 to 700 nm were divided by the maximum value to correct for brightness. The values at 10 nm intervals were then used for the PCA. To test whether the plant groups for the different geographical regions and pollinator types yielded significantly different PCA scores, we performed phylogenetic analyses of variance (Phy-ANOVAs) (Garland et al., 1993) , in which each of the first three principal components was considered as a continuous dependent variable. The Phy-ANOVAs were performed using the phytools package in R v3.1.2 (R Core Team, 2014). Inflection points. It would be easier for a vision system to discriminate between similar colours if the reflectance changed rapidly in a wavelength range where the sensitivities of different photoreceptors overlap (von Helversen, 1972; Chittka and Menzel, 1992; Dyer et al., 2012) . We therefore quantified the location of inflection points (example provided in Supplementary  Data Fig. S3 ; results presented in Supplementary Data File S1). An inflection point was defined as the wavelength where the first derivative was at a local maximum or minimum and the second derivative equalled zero, similar to the method described by Shresth et al. (2013) . We calculated the first and second derivatives of the smoothed spectra at 1-nm intervals by using a numerical differentiation scheme. To correspond with previous studies, we also added the additional requirement that inflection points must be associated with a total change in reflectance of ≥20 % (Chittka and Menzel, 1992; Dyer et al., 2012; Shrestha et al., 2013 Shrestha et al., , 2014 . Locations of the inflection points were determined within 10-nm bins and compared with an inverse wavelength discrimination function for honeybees (Δλ/λ; von Helversen, 1972 ) that indicates the regions of the spectrum where bee vision can best discriminate spectral information. We did not compare them with a colour discrimination function for flies because the colour discrimination ability of flies, including the ultraviolet-A range (320-400 nm), has not yet been described (Schnaitmann et al., 2013) .
RESULTS
Pollinator observation
Dipteran and hymenopteran insects accounted for 65.6 and 32.0 % of the 5900 JP pollinator visits, and 90.3 % and 5.8 % of the 3594 NZ visits, respectively. For the JP site, 28, 39 and 39 plant species were categorized as Hym, Dip and Unknown, and for the NZ sites 1, 50 and 47 plant species were categorized as Hym, Dip and Unknown, respectively (Supplementary Data  Fig. S1 ).
Composition of flower colour
In the bee hexagon model, most of the JP-Hym were beeblue (b) or bee-blue-green (bg), whereas many of JP-Dip and NZ-Dip were bee-blue-green (bg) (Fig. 1B; Supplementary  Data Fig. S5A, B) . Phy-LRMs showed that the probability of occurrence of either bee-blue or bee-UV-blue flowers was significantly higher in Hym than in Dip flowers for comparisons both within (JP-Hym versus JP-Dip) and between (JP-Hym versus NZ-Dip) geographical regions (Fig. 1B) . In contrast, no significant difference was found between the JP-Dip and NZ-Dip. Overall, the probability of occurrence of either beeblue or bee-UV-blue flowers was significantly larger in JP than in NZ (Fig. 1C) .
In the fly vision model, fly-blue (p−/y+) was the most frequent flower colour in JP-Hym, whereas fly-yellow (p−/y−) was the most frequent in JP-Dip and NZ-Dip (Fig. 1D) . Phy-LRMs indicated that the probability of occurrence of y− flowers was significantly higher in the Dip flowers (JP-Dip and NZ-Dip) than in Hym flowers (JP-Hym); however, it did not differ significantly between JP-Dip and NZ-Dip (Fig. 1D) or between JP and NZ (Fig. 1E) .
In the PCA, flower colour was adequately described with the first three principal components (PC1 = 44. 1% of the variance, PC2 = 27.4 % and PC3 = 13.7 %). The Phy-ANOVAs showed that the PC1 score was significantly larger in JP-Hym than in JP-Dip and NZ-Dip, though there was no significant difference between Dip flowers of different regions (JP-Dip versus NZ-Dip) (Fig. 1F) . The PC1 score was also significantly larger in JP than in NZ (Fig. 1G) . In contrast, the PC2 score did not differ significantly among any plant categories. The PC3 score was significantly larger in JP-Hym than in JP-Dip. However, it did not differ significantly between JP-Hym and NZ-Dip, between JP-Dip and NZ-Dip, or between JP and NZ.
In general, flower colourations, as represented by the bee and fly vision models and PCA, did not differ significantly between the plants with ≥15 pollinator visits (Hym + Dip) and with <15 visits (Unknown) in both geographical regions ( Supplementary  Data Fig. S6 ). Accordingly, excluding or including the Unknown species from the data did not impact the outcome of the main results.
Inter-species colour distances
For JP-Hym ( Fig. 2A) , pairwise inter-species colour distances showed a unimodal distribution with a peak at 0.16-0.18 hexagon units, which is within the range where the stimuli are reliably discriminated by bees, even with absolute conditioning (i.e. >0.11 hexagon units; Dyer, 2006) . In contrast, JP-Dip (Fig. 2B ) and NZ-Dip (Fig. 2C) showed bimodal distributions, although the second peak was smaller in NZ-Dip. For Dip, especially NZ-Dip, a substantial proportion of the flower species combinations were within the range where the stimuli are not reliably discriminated by bumble bees (i.e. <0.04 hexagon units) or where the stimuli are only discriminated if they receive differential conditioning (between 0.04 and 0.11 hexagon units).
Inflection points
The distribution of inflection points of JP-Hym were more consistent with the inverse Δλ/λ function than those of JP-Dip and NZ-Dip ( Fig. 3 ; Supplementary Data Table S1 ). The JP-Hym plants showed clustering of inflection points in the ranges 390-430, 480-520 and 650-660 nm (Fig. 3A) . In contrast, both JP-Dip and NZ-Dip had a very strong peak inflection in the 400-430 nm range and a moderate peak in the 500-520 nm range (Fig. 3A, B) . Overall, JP alpine plant species showed a strong peak inflection in the 400-430 nm range, a moderate peak in the 500-520 nm range and a weak peak in the 650-660 nm range (Fig. 3A) , while NZ species showed a very strong peak inflection in the 400-430 nm range and a moderate peak in the 500-520 nm range (Fig. 3B) .
DISCUSSION
Community assemblage of flower colours
Flower characteristics, such as colour, morphology and odour, often act alone or in combination, as signals to attract specific pollinator types, and can often be used to predict effective pollinators (Fenster et al., 2004; Rosas-Guerrero et al., 2014 ; but see Reverté et al., 2016) . However, some studies have also shown the influence of abiotic factors (Strauss and Whittall, 2006; Koski and Ashman, 2016) and phylogenetic constraints (Chittka, 1997; Kalisz and Kramer, 2008) on flower character. In our study, flower colours appeared to vary with pollinator type rather than geographical region or the phylogenetic relatedness between the plant species. For example, in the bee and fly vision models, as well as the PCA with phylogenetically informed analyses, flower colour compositions differed between JP-Hym and JP-Dip and between JP-Hym and NZ-Dip, whereas they were generally similar between JP-Dip and NZ-Dip (Fig. 1B, D, F) . In addition, phylogenetic relatedness between the plant categories was not consistent with the similarities and dissimilarities in flower colourations between the plant categories (Supplementary Data Table S2 ). Our results thus suggest that the differences in the flower colour composition between JP and NZ alpine communities, as represented by the bee hexagon model and PCA (but not by the fly vision model), are due to differences in the pollinator fauna in these communities rather than to differences in abiotic factors between the geographical regions and the phylogenetic origin Table S1 and for a comparison with previous studies see Supplementary Data Fig. S7 . Horizontal arrows show colour distances for (i) colours not reliably discriminated by bees, (ii) colours only reliably discriminated by bees that have experienced differential conditioning, and (iii) colours reliably discriminated by bees, even with absolute conditioning (Dyer, 2006) . Proportions for the colour distance categories (i), (ii) and (iii) were 3.7, 18.0 and 78.3 %, respectively, for JP-Hym; 11.3, 17.8 and 70.9 %, respectively, for JP-Dip; and 28.7.0, 48.1 and 23.2 %, respectively, for NZ-Dip.
of the communities. In JP, Diptera and Hymenoptera were the two major pollinator taxa, whereas in NZ Diptera was the only major pollinator taxon, although solitary bees were sometimes observed. The flower colouration in the two communities was consistent with their pollinator fauna, i.e. flower colour composition was characterized as a mixture of the colouration of the Dip and Hym flowers in the JP alpine community but as the colouration of Dip flowers in NZ. One of the weak points of this argument is that the plant species have been categorized based on which visitor taxon accounted for >50 % of the visits. The 50 % criterion may not be appropriate if pollinator effectiveness (how much a pollinator contributes to pollination per flower visit) differs among pollinator species (Reynolds et al., 2009; Wang et al., 2017) . However, it should be noted that even such an expedient classification could explicitly differentiate the flower colour composition.
Effect of hymenopteran pollinators
Previous studies conducted in Israel, Nepal and Australia (Supplementary Data Fig. S7: Chittka and Menzel, 1992; Dyer et al., 2012; Shrestha et al., 2013 Shrestha et al., , 2014 showed clustering of inflection points near 400 and 500 nm, although bird-visited flowers had a somewhat stronger peak near 600 nm than that of the insect-visited flowers in Australia. Two of these clusters (near 400 and 500 nm) can be very well evaluated by hymenopteran trichromats, as depicted by the inverse Δλ/λ function of the honeybee (von Helversen, 1972) . Flower colours that are readily distinguished from the colour of competing species promote flower constancy (Chittka et al., 2001 ) and, in turn, benefit plants by promoting conspecific pollination and reducing pollen loss (Waser, 1978) . The authors of these previous studies have therefore hypothesized that the evolutionary diversification of flower colours under the influence of the hymenopterans' colour discrimination property has affected current flower colour assembly.
In our study, the clustering pattern of the inflection points for JP-Hym was similar to the previous results, whereas the patterns for JP-Dip and NZ-Dip were not. These results seem to reinforce the logic of the hypothesis of the authors of the previous studies. The hypothesis is also consistent with the other outcome of our study -that the majority of the pairwise inter-species colour distances in the bee colour hexagon for JP-Hym were within the range where the stimuli are reliably discriminated, even with absolute conditioning (Fig. 2A) . This result indicates that the majority of the flower colours within JP-Hym are readily discriminated from each other by bees and thus would promote flower constancy. However, it should also be noted that the extreme paucity of inflection points from 420 to 480 nm ( Fig. 3; Supplementary Data Fig. S6) is not exactly what would be expected if only the discrimination property drove community assembly of flower colour (Bukovac et al., 2017) . In this regard, Bukovac et al. (2017) suggested that the strong clustering of inflection points would be the outcome of interplay between hymenopteran colour discrimination and detection properties.
In the bee vision model, JP-Hym was characterized by a higher proportion of bee-blue and bee-UV-blue flowers compared with Dip flowers (JP-Dip and NZ-Dip). Given that bees have often been reported to have innate preference for bee-blue and bee-UV-blue flowers (Giurfa et al., 1995; Chittka et al., 2001) , this result indicates a certain influence of bee colour preference on flower colour assembly. Both the hymenopteran colour discrimination property and the sensory bias towards certain colours would thus be important in understanding flower colour assembly of Hym plants.
Effect of dipteran pollinators
For JP-Dip and NZ-Dip, fly-yellow (p-/y−) was the most frequent colour and fly-purple (p+/y−) was the second most frequent colour in the fly vision model. This result is in contrast with JP-Hym, in which fly-blue (p−/y+) was the most frequent. Humans generally perceive fly-yellow or fly-purple as white or yellow, and these colours are often linked to the myophilous pollination syndrome (Lázaro et al., 2008) . Thus, these results suggest that the effect of dipteran pollinators on the community assembly of flower colour is likely to be common among the floristic kingdoms. It should, however, be noted that there is no evidence that dipteran vision systems are phylogenetically conservative (Lunau, 2014) , in contrast to the hymenopteran vision system, which is known to be highly conservative (Chittka, 1996) . In our study, most of the dipteran pollinators belonged to the Syrphidae and Empididae, or to the common short-tongued flies, such as Anthomyiidae, Muscidae and Calliphoridae (Supplementary Data File S1). Other taxonomic groups of Diptera may have differing effects on flower colouration.
According to the results from behavioural experiments with Lucilia sp. (blowflies), colour perception of flies appears to be categorical (i.e. fly-UV, fly-blue, fly-yellow and fly-purple) and spectral stimuli are not discriminated across wide ranges (Troje, 1993) . Although this idea needs more rigorous testing as there is no evidence of categorical colour vision in other fly species (Lunau, 2014) , the colour discrimination ability of flies has generally been considered poor compared with the ability of bees and butterflies (Arnold et al., 2009; Dyer et al., 2012) . Thus, many of the colours of dipteran-pollinated flowers probably would not be reliably discriminated from each other by flies as they would not reliably be discriminated even by bees (Fig. 2) or humans (Supplementary Data Fig. S4 ). In addition, no studies have shown flower constancy of dipteran pollinators based on their colour-discriminative ability (Goulson and Wright, 1998; Ellis and Johnson, 2012) , whereas many studies have demonstrated colour-based flower constancy in hymenopteran flower visitors (Gegear and Thomson, 2004; Ishii and Masuda, 2014) . Accordingly, the hypothesis that the flower constancy of pollinators has driven the evolutionary diversification of flower colour would not be applicable to dipteran-pollinated flowers.
With regard to our NZ results, Bischoff et al. (2013) found a similar pattern of flower colouration by measuring flower reflectance of 23 plant species (Supplementary Data Fig. S5C ). They suggested that the inflection point for NZ alpine plants aggregated near 400 and 500 nm (Supplementary Data Fig. S7E ), and thus proposed that NZ alpine plants may also have chromatic signals that match the colour discrimination ability of hymenopteran trichromats. However, the 400 nm peak was much higher than the 500 nm peak, which does not correspond with the inverse wavelength discrimination function for hymenopteran trichromats (Δλ/λ). Overall, we suggest that flower colouration in NZ alpine plants is the result of the adaptation of the plants to the visual system of dipteran pollinators rather than hymenopteran pollinators. This scenario is more likely because the flower colouration characteristics for NZ were generally similar to those of NZ-Dip and JP-Dip, but differed from those of JP-Hym.
Conclusions
Our results, together with previous studies, suggest that the difference in the composition of pollinator fauna can drive differentiation in flower colour composition between communities. Compared with plant communities with bee-dominant pollinator fauna, fly-dominant communities, such as in alpine and arctic regions (Kevan, 1972; Lázaro et al., 2008) , are expected to have a smaller proportion of bee-blue and bee-UV-blue flowers (human blue and purple) and a larger proportion of fly-yellow and flypurple flowers (human white and yellow). This scenario is generally consistent with Gray et al. (2018) , who showed an elevational change in the abundance-weighted mean of floral colour in the Rocky Mountains, USA, although such an altitudinal trend was not found if their data set was assessed with a species-based analysis (Supplementary Data Fig. S5H ). This scenario is also consistent with Arnold et al. (2009) , who noted that there was a smaller proportion of bee-blue and fly-blue in the alpine region than in the sub-alpine region in the Norwegian mountains (Supplementary Data Fig. S5F ), although they found no statistically significant differences in their data set. However, such an altitudinal trend has not always been reported (Shrestha et al., 2014) . To develop a general overview of how pollinator fauna has assembled flower traits compositions in plant communities, we need more studies on natural communities that differ in their composition of pollinator fauna, while taking into account the phylogenetic origin and the pollinator type of the component plant species.
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